The chemical composition and the DNA sequence of an evolutionarily neutral region were studied for three samples of L. tsangchanensis, three samples of L. muliensis, and one sample of a hybrid between L. tsangchanensis and L. vellerea. L. tsangchanensis and L. muliensis were indistinguishable in the chemical composition and the ITS sequence, supporting a recent taxonomic study that merged the two species into L. tsangchanensis. Cacalol (1) was isolated as the most major component from both L. tsangchanensis and L. muliensis, while 6-acetoxy-9-oxofuranoeremophilane (10), a putative cacalol precursor, was isolated from the hybrid.
Ligularia is a genus highly diversified in the Hengduan Mountains area of China and their evolution is considered to be continuing [1] . We have been studying the diversification of Ligularia species using root chemicals, such as sequiterpenoids and phenylpropanoids, and evolutionarily neutral base sequences, such as the internal transcribed spacers (ITSs) in the ribosomal RNA gene cluster, as indices [2, 3] . Most of major Ligularia species including L. virgaurea (Maximowicz) Mattfield [4] , L. pleurocaulis (Franchet) Handel-Mazzetti [5] and L. cymbulifera (W. W. Smith) Handel-Mazzetti [6] in this area produce furanoeremophilanes as the major root chemicals. We have proposed a hypothesis that furanoeremophilane-producing species or intra-specific groups are ecologically advantageous over those producing eremophilan-8-ones [2] .
L. tsangchanensis (Franchet) Handel-Mazzetti grows on grassy slopes and in forest understories in northwestern Yunnan and southwestern Sichuan provinces of China [7] . L. tsangchanensis is taxonomically close to L. muliensis Handel-Mazzetti [7] . Their difference is in the length of the raceme: longer for L. tsangchanensis and shorter for L. muliensis. However, a recent morphological study led to a merging of L. muliensis with L. tsangchanensis [8] . We previously reported that L. tsangchanensis in Yunnan (Lijiang to Shangrila area) and Sichuan (Xiangcheng to Litang area) were separate in our two indices [9] . From the Yunnan samples, cacalol (1) was isolated as the major component together with its derivatives, while from the Sichuan samples, eremophilan-8-one derivatives were isolated. Cacalol is considered to be generated from furanoeremophilane [10] and various furanoeremophilanes are generated from eremophilan-8-ones [11] . Thus, it could be hypothesized that the Yunnan population has evolved from the Sichuan population. However, it is puzzling why "typical" furanoeremophilanes, i.e., biosynthetic intermediates between eremophilan-8-ones and cacalol derivatives, have not been detected in L. tsangchanensis, whereas a number of furanoeremophilanes have been obtained from most of Ligularia species growing in the same area. The chemical composition of L. muliensis was studied by Gao and co-workers and they isolated eremophilanolides [12] , but not furanoeremophilanes.
Against this background, we searched for L. tsangchanensis and L. muliensis and collected samples of these species. We also found a hybrid of L. tsangchanensis and L. vellerea (Franchet) HandelMazzetti. Because introgression may have played a role in the evolution of L. tsangchanensis, we collected this hybrid, hoping that it may give us some insight into the puzzling observation mentioned above. It is to be noted that L. vellerea is a furanoeremophilaneproducing species [13] . Here we report that L. tsangchanensis and L. muliensis are indistinguishable both in the chemical composition and in the ITS sequence and that the hybrid sample contained a putative cacalol precursor. leaves, which L. vellerea lacks; however, the base of the stem was lanate, which is characteristic of L. vellerea. This identification on the basis of morphology is supported by DNA sequence analysis (vide infra).
Parts of the roots of each sample were extracted with ethanol immediately after collection, and the extracts were subjected to Ehrlich's test on TLC plates [14] . Sample 4 showed several pink spots, indicating the presence of furanoeremophilanes. The other samples showed a strong dark blue spot at R f = 0.67 (hexane/AcOEt 7:3), suggesting the presence of cacalol (1) Detailed chemical analyses were carried out for dried roots of samples 1, 2, 4, and 6. Compounds were isolated using standard techniques such as silica-gel column chromatography and HPLC, and their structures were determined by spectroscopic methods. Compounds 1-13 were isolated. From sample 1, cacalol (1) [10, 15] was isolated as the major component together with its derivatives, 2 [15, 16] , 3 [17] , a mixture of cacalone (4) [18] and epicacalone (5) [19] , cacalolide (6) [16, 20] , epicacalolide (7) [16, 20] , a cacalol dimer (8 = adenostin A) [21] , and 9 [22] . From sample 2, 1 and 2 were isolated. From sample 4, 10 [23], 11 [24] , 12 [25] , and 13 [26] were isolated. From sample 6, 1, 4, 5, and 8 were obtained.
To assess the genetic relationship among the samples, the ITS1-5.8S-ITS2 region of the ribosomal RNA gene cluster was analyzed. The results are summarized in Table 2 . Sample 4 contained more sites with multiple bases. Its sequence can be described as a superposition of L. tsangchanensis and L. vellerea, with only one exception of the 205th site of ITS1, consistent with the identification of the sample as a hybrid between the two plants.
There is no significant difference between L. tsangchanensis (samples 1-3) and L. muliensis (samples 5-7), confirming the validity of merging the two plants into a single taxon of L. tsangchanensis.
Thus, both the chemical (Figure 2 ) and the DNA results (Table 2) are consistent with the proposal that L. muliensis and L. tsangchanensis are the same species. Although the six samples (samples 1-3 and 5-7) belong to a single chemotype, we previously showed that there was another chemotype that produces eremophilan-8-one [9] . Although no eremophilanolide was found in our samples, Gao and co-workers isolated eremophilanolides (but no cacalol) from L. muliensis [12] , indicating the presence of a third chemotype in L. tsangchanensis/L. muliensis.
The major peaks in the LC-MS of sample 4 was assigned to 10 and 12 (t R = 11.0 and 19.4 min, respectively) using isolated compounds. Compound 10 may be a precursor of cacalol (1). The allylic 6-acyloxy group is easily eliminated [27, 28] and ensuing migration of a methyl group and elimination of the acidic proton at C-10 would generate 1 (Scheme 1). Compound 10 has been isolated from Senecioneae species, such as Parasenecio (= Cacalia) [23] , Senecio [29] , and Euryops [30] . In the course of our study on Ligularia, cyathiceps is a cacalol-producing species. The direct precursors to cacalol are presumed to be 6-acyloxyfuranoeremophilan-9-ones with no other substituent (Scheme 1); however, none have been detected in L. cyathiceps. Instead, 1,10-epoxy-6-acyloxyfuranoeremophilan-9-ones have been isolated [32] . The present case of L. tsangchanensis is very similar: L. tsangchanensis is a cacalolproducing species, but no cacalol precursor (e.g., compound 10) was detected in pure L. tsangchanensis. Compound 10 in sample 4 (a hybrid of L. tsangchanensis and L. vellerea) is supposed to have its origin in L. tsangchanensis, because the furanoeremophilane components of L. vellerea are not 9-oxygenated but 15-oxygenated [13] . In L. tsangchanensis, 10 or related 6-acyloxyfuranoeremophilan-9-ones may have been converted to cacalol.
Scheme 1:
Formation of cacalol from 6-acyloxyfuranoeremophilan-9-one.
In conclusion, the three L. tsangchanensis and the three L. muliensis samples were indistinguishable in both the chemical composition and the ITS sequence, confirming that the two species constitute a single taxon. Cacalol (1) was the major component of these samples. From the hybrid between L. tsangchanensis and L. vellerea, 6-acyloxy-9-oxofuranoeremophilane (10) was isolated.
Compound 10 may be a precursor of cacalol.
Experimental
General: NMR, JEOL ECX-400 (400 MHz for 1 H; 100 MHz for 13 C) spectrometer; IR, JASCO FT/IR-230 spectrometer; MS, JEOL JMS-700 MStation or CMATE I; HPLC, either a Shimadzu LC-20AT pump with a SPD-20A Prominence UV/VIS detector or a GL Sciences GL-7410 pump with a GL-7450 UV detector, and a Hitachi D-2500 Chromato-Integrator or a Shimadzu C-R8A Chromatopac, with either a GL Sciences Inertsil PREP-ODS column (20 × 250 mm) or a Kanto Mightysil Si60 (10 × 250 mm) column; LC-MS, Agilent 1100 series LC/MSD mass spectrometer with 5C18-MS-II using gradient system (MeOH/H 2 O). See ref. [28] for the details. 
Isolation of compounds:
Dried roots of sample 1 (21 g) was extracted with EtOAc to afford an extract (2.926 g), which was subjected to silica-gel column chromatography (CC) (n-hexaneEtOAc, gradient) to afford 9 fractions (Fr. 1-1 to 1-9). Fractions 1-2 and 1-3 (eluted with n-hexane-EtOAc 95:5 and 90:10, respectively) were combined and subjected to further CC (n-hexane-EtOAc) to afford 8 fractions (Fr. 2-1 to 2-8). Part of Fr. 2-4 was subjected to HPLC (Mightysil, n-hexane-Et 2 O 90:10) to afford 1 (58.1 mg), 2 (11.0 mg), and 9 (14.0 mg). Fr. 2-5 contained cacalol (1) (594.6 mg) alone. Fractions 2-7, 2-8 and 1-4 were combined and subjected to CC (n-hexane-EtOAc) and HPLC (n-hexane-Et 2 O 85:15) to afford 8 (11.7 mg), 3 (2.0 mg), 6 (4.6 mg) and 7 (5.2 mg). From Fr. 1-7 (eluted with n-hexane-EtOAc 40:60), a mixture of 4 and 5 (87.0 mg) was obtained with CC (n-hexane-EtOAc).
Dried roots of sample 2 (3.6 g) was extracted with EtOH to afford an extract (465.3 mg), which was subjected to CC (n-hexaneEtOAc, gradient) to afford 5 fractions. From Fr. 1 (eluted with n-hexane-EtOAc 95:5), 2 (12.2 mg) was isolated with further CC (n-hexane-EtOAc). From Fr. 2 (eluted with n-hexane-EtOAc 90:10), 1 (33.0 mg) was isolated with CC (n-hexane-EtOAc).
Dried roots of sample 4 (19.8 g) was extracted with EtOH to afford an extract (924.3 mg), which was subjected to CC (n-hexaneEtOAc, gradient) to afford 7 fractions. From Fr. 1 (eluted with nhexane), 13 (17.2 mg) was isolated. Fr. 3 (eluted with n-hexaneEtOAc 93:7) was subjected to further CC to afford 11 (84.6 mg) and 12 (17.4 DNA analysis: DNA was purified from dried leaves using DNeasy Plant Mini Kit (Qiagen). The ITS1-5.8S-ITS2 region was amplified by polymerase chain reaction with LC5 and LC6 primers [33] and HotStarTaq plus Master Mix Kit (Qiagen), followed by purification with agarose gel electrophoresis and High Pure PCR Product Purification Kit (Roche Diagnostics). Sequencing reactions were carried out with LC1-LC4 primers [33] and BigDye Terminator Cycle Sequencing Kit Ver. 3.1 (Applied Biosystems) and analyzed on a 3130xl or a 3500 Genetic Analyzer (Applied Biosystems).
